Newer silicon-based consumer electronics became very popular due to its reduction in size, price, and power consumption. One of its applications today is building low-power devices for ubiquitous sensing. Although sensors are low-power devices, they need some energy source to function properly. One of the major challenges today is to develop systems where sensors do not require external power sources, and could be powered using available ambient energy. To address this power issue one could use energy harvesting concepts. In this paper, we present our probabilistic approach used for modeling the possible amount of Global System for Mobile Communication (GSM) energy that could be harvested, including a demonstration of what power levels could be harvested using GSM rectifying antenna (rectenna). In addition to harvesting approach, we propose an application of its usage in increasing the communication range between Radio Frequency Identification (RFID) reader and battery free passive RFID tags.
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Introduction
Low-power electronic devices became very popular for the design of sensors and its networks. Its deployment enables a different range of applications including environmental control, home automation, activity monitoring, etc. Energy-efficient performance is a critical constraint in a sensor network deployment, as it would be difficult to change or recharge batteries in inaccessible deployment regions. Several proposals have addressed the energy efficiency, through the design of energy saving Medium Access Control (MAC) protocols, such as duty cycling protocols [1] or low-power wake-up radio protocols [2] , and routing protocols, such as [3, 4] . According to [5] , the power consumption of a sensor node has been estimated by various authors, recent works quote values between 1 and 20 μW. Consumption strongly depends on the complexity of the sensed quantity and on the number of times per second it has to be transmitted. Practical implementation of a sensor node shows that 90 μW is enough to power a pulse oxymeter sensor, to process data and to transmit them at intervals of 15 s.
To address the problem of sensor powering, energy harvesting could be a viable approach. Energy harvesting generally relies on the amount of available ambient energy levels and converts it into appropriate energy form.
Recently, RF energy harvesting became popular topic [6, 7] , and to be more specific GSM energy harvesting, since it is present everywhere [8] [9] [10] . Authors in [5] report possibility of RF energy harvesting through WLAN and GSM.
In [11] , authors present a wireless sensor system powered by AM broadcast energy harvesting. They harvested the energy from several local AM stations and obtained a power of 82 μW which was sufficient to drive a basic wireless sensor, but the main drawback of this approach is a 10 m long horizontal antenna -very strong limitation which is not present in GSM-based harvesting.
Although energy levels harvested from GSM are low, it should be noted here that as the technology advances, the sensors will be smaller, more efficient, require less power, and the ambient RF energy could be an important additional power source in the future. As the application given in this paper, we consider its usage in ultra high frequency (UHF) 860-960 MHz RFID tags as sensor-based technology, since its power consumption is low [12] , has best price-performance ratio of RFID technologies overall [13] and its antenna size requirements.
RFID's are recently being considered to realize "smart dust" application in the sense of RFID Sensor Networks (RSNs) which combines advantages of RFID's with the advantages of Wireless Sensor Networks (WSNs) [14] . Such observation leads to the form of future Internet, which will be the Internet of things (IoT) and not only the Internet of computational devices like PC's or PDA's [15] . Moreover, through data acquisition and processing devices it would provide capability to interact with the environment (sensory swarm) [16] or even sense human health [17] . However, to build IoT or to enable ubiquitous sensing, which is working with great performance, one needs to provide the power required for tags computing. Power levels which tags require to function properly are today still high and that is the main reason for obtaining their low reading ranges. One way to improve it is done by assisting the power.
Power assisted tags are studied recently in the literature. GSM power assisted UHF tags in the means of interference were observed by authors in [18] . The authors' paper focus was the influence of GSM on UHF RFID. The conclusion provided in the paper gives the improved performance of UHF RFID when RFID signal strength is not high enough to turn tag IC up. In such scenarios, GSM signal constructively interferes with RFID, and tag IC could be power assisted and thus turned on.
In this paper, we consider GSM energy harvesting, due to available power levels that could be harvested practically everywhere, and appropriate antenna sizes which could be implemented in small UHF RFID tags. First, we provide the analysis on present ambient GSM power levels. As GSM signal consists of uplink and downlink channel, each of them should be observed. While downlink power level is always present, and more or less constant (small power variations during the day), uplink power depends on the number of mobile phones in the vicinity of GSM energy harvester. Due to uncertainty of the number of mobiles, we provide probabilistic approach used for modeling the possible amount of GSM energy that could be harvested. To demonstrate the possibility of GSM signal energy harvesting, we have soldered a Villard charge pump and gave details in the GSM energy harvesting experiment section.
As a use-case scenario, we provide analysis on usage of harvested energy in extending reading range of UHF RFID tags. Using this approach one can overcome a number of tag reading problems, as stated in [19] . Moreover, we present the concept of new Improved Tag which can harvest additional energy level used in the tag IC operations with the goal of extending tag reading range. However, the challenge of adapting both tag antenna and power unit to harvest RFID and other signal sources is not discussed in details in this paper. So, the contribution of the paper is twofold: on the first, we present probabilistic model of the possible harvested energy from GSM, then, we present its application in extending reading range of UHF RFID tag.
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The paper is structured as follows: in Section 2, we describe the passive UHF RFID tags and our Improved Tag scheme and in Section 3, we provide our probabilistic approach in modeling the possible amount of harvested energy. In addition, we discuss about the possible tag reading range increase with GSM power assisted passive tag. We also provide a GSM energy harvesting experiment for increasing the tag reading range in Section 4. Finally, we conclude our paper in Section 5.
Passive UHF RFID tags
Today, RFID is an integral part of our life, which increases productivity and convenience [20] . Passive UHF Gen2 RFID [21] technologies are recently being used for various identification and object tracking applications, tagging products in stores, building smart environments, etc.
In classic RFID system, RFID reader controlled by computer reads RFID tags through its antennas. Regarding tag battery presence or absence, RFID technology could be divided into full battery powered active RFID technology, battery assisted semi-passive RFID technology and battery free passive RFID technology. Another classification can be made regarding frequencies that reader uses to communicate with tags, where standards were developed for low frequency (LF -125 or 134 kHz), high frequency (HF -13.56 MHz), ultra high frequency (UHF -860-960 MHz) or newly studied microwave frequencies [12] . As the application given in this paper, we consider its usage in ultra high frequency (UHF) 860-960 MHz EPCglobal [21] RFID tags since its power consumption is low [12] , has best price-performance ratio of RFID technologies overall [13] , and its antenna size requirements. GSM 900 MHz band is overlapping with UHF RFID and thus their antenna sizes are similar, providing compact tag-harvester design. In addition, other frequency bands for energy harvesting could be considered, but with appropriate antennas.
For UHF Gen2 passive tag to function properly, the antenna needs to deliver enough power to turn its Integrated Circuit (IC) on and its range depends on the efficiency of the tag antenna, rectifier, and IC power consumption. Detailed discussion on read range of passive UHF RFID tags can be found in [22] . If one can assist tag powering, then reading range would be backward link limited due to reader sensitivity. Range of reading power assisted RFID tags can be up to 50 m [23] . Providing extra power to assist RFID tag powering (using battery) makes technology semi-passive. However, this way of providing extra power based on energy harvesting makes technology not battery assisted, but energy harvesting assisted RFID and if enough power could be provided to tag IC, its performance could reach performance of battery assisted RFID technology. Tag IC typically consumes 10-30 μW of power, when they are being read [12] . If the antenna was ideally matched and there were no losses in tag circuitry, all the power received would be available on tag's IC. This is not the case in Figure 1 . Improved tag scheme.
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reality, although state-of-the-art CMOS rectifier designs can achieve very high efficiencies. More details on tag ICs' power consumption and rectifier efficiencies are given in Section 3.4.
With obtained power lower than minimum, tag IC could not be turned on, and thus could not respond back to the reader.
To address the problem our Improved Tag scheme which is depicted in Figure 1 could be used. The main idea is to use GSM energy to assist tag powering. In such case power unit can use additional energy and supply tag IC to turn it on. Moreover, Improved Tag could be optimized to receive signals from GSM bands, Digital Video Broadcasting (DVB) signals, different RFID readers signal, etc. When all signals are gathered, all the RF energy is rectified in the power unit and supplied to the tag IC.
Input for demodulation is set after the filter, which filters the signal only from RFID reader. The filter has its central frequency f 0 same as the one from the RFID reader interrogating tags. Filter is used to isolate only reader signal, and thus increase the probability of reader signal demodulation and decoding without errors.
When the reader signal is properly demodulated, and tag IC charged, tag will respond with the appropriate command.
For assisted tag powering, in this paper, we observe GSM-900 signal spectrum from spectrum analyser measured with quarter wave ground plane antenna (3 dBi gain). Example of GSM channel is depicted in Figure 2 (a) when the mobile phone is ringing one meter away from measuring antenna of spectrum analyser. Trivial example of integrating such channel shows that we obtain additional power of À10 dBm (100 μW) which can be used to assist tag powering. When the ringing mobile phone is moving away from the tags, as it is depicted in Figure 2(b) , signal level is exponentially dropping. So, moving mobile phone to the tags in the moments of ringing can provide additional power. If RFID system is near GSM base station or there are more mobile phones in the neighborhood of RFID tags, more energy could be harvested and thus reading range increased.
To elaborate what power level one can obtain from GSM uplink and downlink, we provide the analysis in the next section. 476 M. Russo et al.
GSM energy harvesting -probabilistic approach
GSM allows for use of duplex operation -each band has a frequency range for the uplink and a separate range for the downlink. In the case of harvesting GSM energy, one should consider the contribution from both downlink and uplink GSM bands.
Downlink GSM energy
Downlink energy is always available and is dependent on number and distance from base stations. Total downlink GSM power was measured with spectrum analyzer at one location in our university building. It oscillated around À26 dBm (2.5 μW) as shown in the histogram in Figure 3 . Measured data can be well fitted with log-normal distribution with parameters l ¼ 0:95 and r ¼ 0:19. We were measuring signals from GSM-900 band which uses 890-915 MHz for uplink and 935-960 MHz for downlink. We also conducted several more measurements at different locations and obtained similar data which can be well fitted with log-normal distribution. While downlink power level is always present, and more or less constant (we observed only small power variations during the day), uplink power depends on the number of mobile phones in the vicinity of GSM energy harvester. Due to uncertainty of the number of mobiles, we provide a probabilistic approach for modeling the possible amount of GSM energy that could be harvested.
Uplink GSM energy
Uplink GSM power is dependent on number of nearby mobile phones in an active call. Suppose we are considering only mobile phones in 10 m radius (more distant ones would have practically insignificant impact on measured power). Number of active mobile phones can be modeled with Poisson distribution. It is used to model the number of events occurring in a fixed interval of time and/or space with a known average rate and independently of the time since the last event. For example in [24] , calls are generated in the system simulator based on Poisson call arrivals.
Let us consider mean value k ¼ 3, i.e. on average there are three mobile phones talking in the 10 m radius (area of 314 m 2 ). This estimate is certainly too large for some rural areas, but considering typical places where RFID systems can be used, such as schools and univer- 
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sities, hospitals, supermarkets, public transportation and sports events, the mean number of three active mobiles is, in our opinion, a realistic estimate. For a given k, probability of any number of mobile phones talking is then given by
where n is a number of mobile phones. Power of a single mobile phone is dependent on channel conditions and distance from a base station which is connected to. At the observed location, we measured around À15 dBm (32 μW) at 1 m from a mobile phone. In rough approximation, power of a mobile phone vs. distance could be modeled with a simple inverse-square law, i.e. mobile phone power (in μW) is P mob ¼ 32=d 2 . Then, the total uplink power P ul can be expressed as
where n is a number of mobile phones (N can be arbitrarily large), p(n) is the probabilities of scenarios with 1, 2, 3, and so on mobile phones, and P n i¼1 P mob ðdÞ is the total power of mobile phones in a specific scenario where d is a random number representing distance from a mobile phone (phones are assumed to be uniformly distributed from 0 to D max ¼ 10 m). This can be easily simulated, and Figure 4 shows a histogram of total uplink power fitted with GMM (Gaussian Mixture Model) distribution. GMMs are widely used to model complex distributions and we achieved a good fit for our data. So by using the GMM model, analytical expression for total uplink power distribution was obtained. We used a 10 Gaussians mixture model: 
Total GSM energy
Since downlink and uplink power distributions can be considered independent, probability distribution of a total power can be obtained by their convolution and is shown in the Figure 5 .
From the total GSM power distribution pðP tot Þ, probability of achieving at least P min power can be easily calculated as R 1 P min pðP tot ÞdP tot . For example, in 95% of cases total power would be at least 4.8 μW, in 50% of cases would be at least 7.34 μW and in 10% of cases it would be at least 16.8 μW (Figure 6 ). 
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Improved Tag performance
The power received by tag can be expressed in simplified form by Friis equation with additional term representing the harvested power
where power levels P tag , P reader and P harvested are given in Watts. G reader and G tag are reader and tag antenna gains given in dBi. k is the wavelength in meters and d is the distance between reader and tag given in meters. Given equation represents simplified model, complete link budgets in tag-reader communication, dependence on polarization match coefficient, impedance match, tag radar cross section and reflections in room can be found in [25, 26] . For the values of k ¼ 0:33 m, G reader ¼ 2 dBi, G tag ¼ 6 dBi and P reader ¼ 1 lW (30 dBm), the calculation of received power is depicted in Figure 7 . Black line represents the power received by a standard UHF Gen2 passive tag, other lines represent the power received with additional GSM harvested energy. According to [12] [30] . If the antenna was ideally matched and there were no losses in tag circuitry, all the power received would be available on tag's IC. This is not the case in reality, although state-of-the-art CMOS rectifier designs can achieve very high efficiencies -up to 70% [31] [32] [33] [34] , or even more when designed for higher input voltages/powers. But it should be noted here that the efficiencies at the operational thresholds are much lower. In [35] , for a 950 MHz RF input and 10 kΩ output load, post-layout simulation results confirmed a power conversion efficiency (PCE) of 57% at 2.5 μW input power for the proposed gate-boosted switched 4T-cell. Authors in [36] 
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For simplicity and to be on the safe side, we plot a 50 μW line in Figure 7 as the required received power, and obtain 12.8 m as the maximum reading range of a standard Gen2 passive tag. If we translate obtained GSM power P min ¼ P harvested (which would be lower in reality due to harvester efficiency) into the increase of a tag reading range, in 95% of cases we obtain range increase of 0.65 m, in 50% of cases range increase of 1.03 m and in the 10% of cases 2.85 m of increase.
Results given in the paper could be significantly improved if more mobiles are used, or in the areas which are near GSM base stations, DVB transmitters or the other transmitting sources. Moreover, reading range could be further improved if a ringing mobile phone is nearby, as can be seen from the power measurements in Figure 2 . 
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GSM energy harvesting experiment for increasing tag reading range
To demonstrate the possibility of GSM energy harvesting and increased tag reading range for the experimentation, we soldered Villard voltage multiplier depicted in Figure 8 . The multiplier consists of three stages, and it uses Avago's HSMS-286C Schottky diodes (D1-D6) with high detection sensitivity and 2.5 pF capacitors (C1-C6). Schottky diodes are used because of their high speed and low forward voltage-drop. The harvester is very simple and certainly not of the state-of-the-art efficiency but our aim was not to build highly efficient rectifier, rather to demonstrate the concept of GSM energy harvesting in increasing tag reading range. Detailed description of a more efficient RF harvester for energizing low-power devices can be found in [37] .
Given soldered three stages Villard multiplier performance is tested by feeding it with 900 MHz Continuous Wave (CW) directly from the RF source and storing the harvested energy into AVX BestCap 10 mF super capacitor. To describe the performance of the harvester, we provide obtained voltages in Table 1 for various input power levels with 10 kΩ load at 900 MHz. Results are similar to those we found in the literature [8, 10] .
In order to demonstrate an increase in tag reading range, we used PowerID's batteryassisted passive PowerG tags with Intermec IF5 reader (with 30 dBm output power and 6 dBi gain patch antenna). PowerG tag has a very thin 1.5 V battery, which we removed and connected the harvester output instead. This is shown in Figure 9 with the measurement setup. Quarter wave ground plane GSM antenna (3 dBi gain) was connected to the harvester. Experiment was conducted in a hallway about 30 m long and 2 m wide. Energy was harvested from a ringing mobile phone about half meter away from the harvester antenna (about À3 dBm = 500 μW power measured with spectrum analyzer - Figure 2(b) ).
Without the harvester obtained reading range was about 2 m (passive tag), but with the harvester connected obtained range was extended to 20 m. Because of the high sensitivity of the PowerG tag, the RFID reader's receiver sensitivity should also be high to be able to receive the signal, so if a more sensitive reader was used this range could be even higher, e.g. high sensitivity CSL CS462 reader recommended by the manufacturer.
Conclusions
In this paper, we present our probabilistic approach used for modeling the possible amount of GSM energy that could be harvested. As GSM signal consists of uplink and downlink channel, each of them was observed. While downlink power level is always present and more or less constant, uplink power depends on the number of mobile phones in the vicinity of GSM energy harvester. Due to uncertainty of the number of mobile phones, we have provided a probabilistic approach used for modeling the possible amount of GSM energy that could be harvested. To demonstrate the possibility of GSM energy harvesting and increased tag reading range, we have also conducted an experiment showing significant increase in reading range with harvested energy assisted tag powering. The challenge of adapting actual tag circuitry and antennas to harvest energy as it was proposed in this paper we leave for the future research.
Such extension in RFID reading range would allow a wider spectrum of usage, more convenient reading of tags in larger areas like large storage spaces, supermarkets, libraries, more convenient product tracking and inventory systems. This would also lead to a greener communication infrastructure due to less number of deployed readers.
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Although energy levels harvested from GSM are low and are not sufficient for constant tag powering, as the technology advances, the sensors will be smaller, more efficient, require less power, and the ambient RF energy could become an important source of energy supply.
